In spite of its importance in nation-wide conservation planning, comprehensive information on geographic distribution of threatened plants in India is lacking. Even the threat status of these plants is ambiguous and the country's effort to conserve them is not widely known. A critical analysis of these aspects is essential for identifying gaps in threatened plant conservation. Keeping these in view, we present a review of the existing knowledge on geographic distribution pattern of threatened plants of India, their threat status, and conservation action undertaken to recover these species. Using the available data, we unravel patterns of distribution of these threatened plants in different states of India. When ranking of the families was done based on the total number of species under different threat categories, Orchidaceae (644), Fabaceae (185), Poaceae (164), Rubiaceae (103), Asteraceae (88), Euphorbiaceae (72), Asclepiadaceae (62) and Acanthaceae (60) constituted more than half of the total threatened plant species of India. A review on conservation efforts so far undertaken in different parts of the country revealed that the biodiversity-rich phytogeographic regions such as the Himalayas, North East India, and Andaman and Nicobar Islands had lesser conservation efforts in comparison to the Western Ghats, Vindhyas and Peninsular regions of India. The skewed distribution of threatened plants in different states did not truly reflect their absolute presence or absence; rather it is the result of incomplete survey because of the difficult geomorphological and associated geo-climatic conditions, tough terrain and remote locations. In addition, the current data on threatened plants suffer from methodological shortcomings such as classification without using the population data that are so crucial in modern day threat classification, and lack of long-term observational data. The review emphasizes the use of modern tools such as ecological niche modelling for population inventory, area of occupancy and extent of occurrence, and trends in population size and regeneration for precise threat classification conforming to globally accepted methods (e.g. IUCN version 3.1). The works undertaken through the support of Department of Biotechnology, GoI for conservation of 156 threatened plant species under different disciplines of conservation biology during the past three decades have also been compiled and reviewed. A successfully tested protocol following an integrated approach for threatened species conservation is recommended for future conservation action.
Introduction
SPECIES distribution is the result of its biogeography, evolution and conservation actions 1, 2 . Several theories and hypotheses, viz. the time theory, theory of spatial heterogeneity, completion hypothesis, predation hypothesis, theory of climatic stability and productivity hypothesis have been proposed to explain the spatial distribution pattern of species 3 . All these hypotheses highlight the dominant role of biotic and abiotic factors, including the anthropogenic influences in governing the distribution of species 4 . India ranks among the top 10 species-rich nations of the world with a very high degree of endemism having 47,513 plant species that constitutes ~11.4% of global floral diversity 5 . The floral diversity in India is concentrated in the four biodiversity hotspots, viz. the Eastern Himalaya, the Western Ghats, Indo-Burma and Sundaland (Nicobar Island). Angiosperms form the major group with 17,926 species belonging to 2984 genera in 247 families, constituting 7% of the world's known flowering plants 6 . Pteridophytes are represented by 2479 species followed by 1265 bryophytes and 67 species of gymnosperms.
Currently, India is experiencing a series of environmental problems, viz. climate change, habitat modification, land-use and land-cover change, environmental pollution, overexploitation of biological resources and alien species invasion [7] [8] [9] [10] . Depending on the scale and intensity of the above changes, several species are lost and genetic variability within the species is being eroded. Anthropogenic factors have also played a pivotal role in controlling species distribution and have led to extinction of numerous species, while several others have become threatened 11 . The International Union for Conservation of Nature (IUCN) devised a comprehensive system of classification that is much objective-oriented and precise than the earlier systems, which helped categorizing species according to the risk of extinction they face 12 . The classification has now helped the conservation planners in prioritizing the efforts and resources in conserving the threatened species in the most effective manner. The pioneering works to enumerate and prioritize the threatened species in India were undertaken during 1980s and 1990s 13, 14 . Nayar and Sastry 14 (1987-90) in their seminal work entitled, Red Data Book of Indian Plants (RDB) listed 602 threatened vascular plants. Subsequently, the number of threatened plants increased 15 to 1255. In India, 1700 of the 18,043 listed plant species have been reported to be threatened 16 . Recently, the Conservation Breeding Specialist Group (CBSG) of Species Survival Commission developed an assessment methodology for the medicinal plants known as CAMP (Conservation Assessment and Management Prioritisation), and successfully assigned threat status to several taxa in India. In addition, Environmental Information System (ENVIS) of Ministry of Environment, Forests and Climate Change (MoEF&CC), State Biodiversity Boards and IUCN Red List of Threatened Species have been identifying and assigning threat status to species following different approaches. The trade of species mentioned in the appendices of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) is prohibited, and the plant species mentioned under Schedule-VI of Wildlife Protection Act, 1972 (WPA) have been accorded adequate protection. Despite all these efforts, threat assessment and conservation actions for threatened plants in India are in a state of flux due to lack of consensus at the national level.
Research on the threatened plants of India with special focus on the identification of factors causing their rarity, reproductive bottleneck, and both demographic and environmental stochasticity leading to the declining populations and eventual extinction can be of great help to policy makers and scientists to prioritize the species and conservation actions. This essentially requires a comprehensive account of the conservation status of threatened plants and their spatial distribution pattern in India. The present review aims to assess the status of research on threatened plants of India, and the past and ongoing conservation efforts in the country. Based on the review and the successful experiences from a pan-Indian pilot project on threatened species conservation sponsored by Department of Biotechnology (DBT), Government of India (GoI), the future strategies for conservation action have been suggested.
Materials and methods
A review of the available literature and datasets on the threatened plants of India was undertaken to assess their geographic distribution pattern and conservation measures. Information related to family-wise distribution of threatened species, and their geographic distribution and conservation status was compiled from the published literature [17] [18] [19] [20] [21] [22] [23] [24] [25] , CAMP workshops [26] [27] [28] [29] [30] [31] [32] [33] [34] and on-line databases 16, [35] [36] [37] [38] [39] . The compiled data were examined for errors related to systematics by consulting the database plant list 40 , and the accepted names were subsequently updated. Geographic distribution of the species was updated following on-line databases such as e-flora India 41 , Encyclopedia of Life 42 , World Checklist of Selected Plant Families 43 , Flowers of India 44 and India Biodiversity Portal 45 . Threat status assigned to the listed species by various agencies, regulatory instruments, and international treaties such as IUCN, CITES, CAMP, RDB 14 , ENVIS, WPA and state biodiversity notifications under The Biological Diversity Act, 2002. The compiled data were examined for inconsistencies in the threat status assigned to the species by CAMP, ENVIS and RDB, where the status assigned to a particular species differed among the states. In such cases, we considered only the highest threat category assigned to a particular species. We also compiled information from the official records of DBT, which extensively worked on the conservation of threatened species in India through sponsored projects.
Results and discussion

Family-wise distribution of threatened species
We compiled a list of 2704 threatened plant species belonging to 1031 genera and 217 families (Annexure 1 and Box 1). The list includes 2641 angiosperms, 23 gymnosperms and 44 pteridophyte species, and represent ~13% of the estimated vascular plant diversity in India.
Orchids are the most vulnerable group of plants comprising 23% of the total threatened species followed by begonias (4%). Orchids and begonias are highly specific to their host trees and special habitats respectively. Anthropogenic disturbances that lead to the loss of host trees and specific habitats would affect these plants.
Geographic distribution pattern of threatened plants
Taxonomic richness of threatened plants across the family, genus and species was highest in Chhattisgarh followed Arunachal Pradesh, Nagaland, Meghalaya, Manipur, Mizoram, Tripura and Sikkim being the part of the Eastern Himalaya and Indo-Burma biodiversity hotspots are expected to harbour a larger number of threatened species than the other states. However, these states have been less surveyed and several areas remain unexplored. A recent study 46 reported the discovery of 83 new species of plants from Arunachal Pradesh, Assam and Sikkim between 2009 and 2014, indicating the lack of sufficient survey efforts in these states. Therefore, it appears that the number of threatened species in a particular state so far reported is not the true scenario representing the absolute presence/absence of threatened species; rather it is a function of survey efforts, area under effective botanical exploration, and above all the threat perception of the researchers.
Species-area relationship
Our data on the number of threatened species vis-à-vis geographic area did not support the species-area hypothesis for biodiversity (Figure 1 a) , which presumes that larger areas would harbour more species compared to smaller areas 47 . Even the threatened species richness did not have a significant correlation with forest area (Figure 1 b) .
Skewed threat assessments among Indian states
Analysis of the data on threatened species in different states by different agencies revealed inconsistencies in threat assessments (Figure 2) . RDB, NBA, ENVIS, CAMP and IUCN reported most threatened species from Tamil Nadu, Kerala and Karnataka in southern India. However, species listed under CITES and Schedule-VI of WPA were higher in Arunachal Pradesh, Assam, Meghalaya and Sikkim in the northeastern region of India than the rest of the country.
The state with the highest number of threatened species according to the IUCN classification was Tamil Nadu (116), followed by Kerala (113). Other states with relatively large number of species under IUCN classification were Karnataka (82) and Chattisgarh (81). The states with relatively large number of CITES classified species were, Sikkim (197), Meghalaya (180), Arunachal Pradesh (145) and Assam (118). The states with relatively high Figure 1 . Relationship between species richness and geographical area (a), as well as species richness and forest area (b). The dots with alphabets represent the Indian states: AN, Andaman and Nicobar Islands; AP, Andhra Pradesh; ArP, Arunachal Pradesh; AS, Assam; BH, Bihar; CH, Chhattisgarh; DD, Daman and Diu; DL, Delhi; GO, Goa; GJ, Gujarat; HR, Haryana; HP, Himachal Pradesh; JK, Jammu and Kashmir; JH, Jharkhand; KN, Karnataka; KR, Kerala; MP, Madhya Pradesh; MH, Maharashtra; MN, Manipur; ML, Meghalaya; MZ, Mizoram; NL, Nagaland; OD, Odisha; PJ, Punjab; RJ, Rajasthan; SK, Sikkim; TN, Tamil Nadu; TR, Tripura; UP, Uttar Pradesh; UK, Uttarakhand; WB, West Bengal.
number of CAMP classified species were Kerala (193), Tamil Nadu (176) and Karnataka (161). The states with large number species listed in ENVIS database were Chhattisgarh (462), Tamil Nadu (205), Kerala (188), Karnataka (164), Maharashtra (160), Odisha (158), and Jammu and Kashmir (100). The states with highest number of species listed in the Schedule-VI of WPA were Meghalaya and Mizoram with five species each, followed by Sikkim, Arunachal Pradesh and Manipur each with three species, Assam and Nagaland with two species each, and Tamil Nadu, Kerala, Karnataka, Uttar Pradesh, Jammu and Kashmir, Himachal Pradesh and Tripura, each with one species. The state with a highest number of species listed by NBA was Kerala (26) followed by Tamil Nadu (23), Uttarakhand (16) and Karnataka (14) . The state with highest number species listed in RDB was Tamil Nadu (182), followed by Kerala (133), Karnataka (92) and Maharashtra (87).
Inconsistencies in threat classification
The existing literature on threatened plants of India is inconsistent on the threat status of the species. This is primarily due to biasness on the part of the researchers in terms of threat perception, method adopted, limitations in survey, and site-specific demographic and environmental stochasticity. In addition, conservation agencies follow a particular protocol and threat classification system based on their own mandate, which is often a mere compilation without applying rigorous scientific assessment. An outcome of this is that the highest number of the threatened plants has been reported by ENVIS (1803) followed by RDB (601), CITES (572), CAMP (494), IUCN (473), NBA (109) and Schedule-VI of WPA (13) ( Table 2 and Figure 2 ).
Unlisted threatened species
Based on unpublished field data and long-term observations by experienced field biologists, several species are threatened although not yet placed under the threatened category. On the other hand, the population data collected for several species revealed that many of them do not fall under any threatened category. This warrants a special effort to reclassify the threatened species based on extensive field survey, collection of population data, and adopting a more precise threat classification system such as IUCN version 3.1.
Conservation action for threatened species of India
Traditionally, community conserved areas throughout the country such as sacred groves and other communitybased protected areas have been providing in situ conservation opportunities for the threatened species. However, under GoI initiative, prioritization of threatened species and conservation actions are largely centred on flagship faunal species. These include in situ conservation measures, e.g. delineation and safeguarding of protected areas such as biosphere reserves, national parks, wildlife sanctuaries, and reserved/protected forests, and large-scale habitat protection for threatened faunal species such as snow leopard, musk deer, elephant and tiger. The important ex situ conservation measures include captive breeding for several mammals. However, very few successful case studies/initiatives are available for threatened plant species of India, although under umbrella species conservation programmes targeting big mammals, threatened plants get conserved. A few in situ conservation measures for plant groups are those of Orchid Sanctuary at Sessa in Arunachal Pradesh, and Rhododendron Sanctuary at Singba in Sikkim. Field germplasm banks and institutional botanic gardens are the only means of ex situ conservation of threatened plant species. Such programmes generally focus on ex situ conservation of medicinally and economically important plants, and on-farm conservation of agricultural crops. All these activities are largely mentored and executed by the Ministry of Environment, Forests and Climate Change, and Ministry of Agriculture, GoI.
DBT has undertaken several plant species-specific recovery programmes targeting 156 highly threatened species of the country during the past three decades. These species belong to 101 genera and 64 families, and comprise of 50 herbs, 42 trees, 24 orchids, 14 shrubs, 14 climbers, 3 bamboos, 3 palms, 3 rattans, 2 cycads, and 1 tree fern (Box 2). One of the most important mega network programmes of DBT entitled, 'Preventing extinction and improving the conservation status of threatened plants through application of biotechnological tools' was initiated during 2012 that successfully conserved 100 threatened species of India (Figure 3 ). This programme took an integrated approach for species conservation such as resolving the taxonomic dispute, preparing herbarium records, establishing field germplasm bank, population characterization, distribution mapping, reclassification of threat status, reproductive biology, molecular characterization, bioactive compound profiling, standardization of micropropagation and macropropagation protocols and multiplication, and reintroduction in natural habitats (Figure 4 ).
Conclusion
The present review reveals that survey and threat assessment of threatened plants in India are limited to specific geographical regions. Species-specific conservation plan, fundamental to recovery strategy is completely missing. Threat and conservation status assessments are based mostly on herbarium records and classification based on population data is available only for a few species. Information on species range and population size is incomplete. There is a lack of concerted and coordinated effort to visualize a larger picture of threatened plants conservation in the country. The integrated approach recently taken by DBT for species conservation has been extremely successful. Such an approach needs to be replicated for saving more than 2000 threatened species of the country. Both the demographic as well as genetic enrichment approaches taken in threatened species conservation programme under DBT network project involve ten major steps. This tested protocol for conservation action is presented below for supporting future endeavours. 
